Collaborative Virtual Environments (CVEs) are shared virtual spaces designed to enhance collaboration between the -usually remote -participants. The deployment of Collaborative Virtual Environments over wide area networks increases typical network delays, potentially breaking the consistency between the replicated versions of an environment at the participants' sites. This paper presents our qualitative observations of an experiment involving two players engaged in a virtual ball game in the presence of increasing network delays. It also describes how network delay affected the participants' behaviour and produced collaboration breakdowns. We observed that, as the network delay increases, the users modify their playing strategies in an attempt to cope with the situation, presenting several types of adaptation strategy. Knowledge of the presence and effect of delays is a major factor in allowing users to adopt strategies for coping with inconsistencies. We propose that if the participants were made more aware of the behaviour of the system, e.g. the presence of delays, then they might be able to improve their performance. Consequently, we propose a number of techniques to increase the user's knowledge of infrastructural characteristics such as delay.
INTRODUCTION
Collaborative Virtual Environments ((3%) are shared virtual spaces designed to enhance collaboration between -usually remote -participants. The collaborative activities supported by a CVE can range from group work [5] to social activities and entertainment [6] .
PemisSion 10 make digital or hard copies ofall or paa ofthis work fi), PClsQnal M' ckSr0WIl 11X k granted without fee Provided that copies we not made or distt%uted for profit or COIII~~~~~~~I advantage and that copies hea this mGx and the Ml citatioll on the t;rst pagc. ~~ co,,y otherwise, 10 republish, to post on servers or to redistehute tO lists. The virtual environment is usually partially or totally replicated on each participant's host, to reduce the amount of communication required. Using this technique, only the updates or changes of replicated state need to be sent to the participants. Because of network and processing delays, the state updates take some time to reach the destination and they can take different amounts of time for different participants. The resulting inconsistencies between state replicas created by network delay on local area networks are usually short lived and pass unnoticed to the users. The deployment of Collaborative Virtual Environments over wide area networks results in much larger network delays, with correspondingly larger inconsistencies between the replicated versions of an environment. The network delay caused by network distance, geographical distance and low-bandwidth communication (e.g. from dial-up links) is likely to be a major factor hindering the development of the globally distributed interactive shared virtual environments of the next decade. This paper presents our qualitative observations on an experiment involving two players engaged in a virtual ball game in the presence of increasing network delays. It describes how network delay affected the participants' behaviour and produced breakdowns in collaboration. We argue that the participants should be made more aware of the behaviour of the system in the presence of delays, so that they can adopt appropriate coping strategies. This goes against the tendency in distributed systems work to hide internal system behaviour from the users. We introduce a number of techniques to selectively expose details of infrastructure characteristics (such as delays) to the user. The next section will present an overview of how the problem of consistency in interactive shared environments has been approached in the past. The reasons motivating the experiments and the description of the experiments themselves are followed by the presentation of our findings. We then propose some interface-orientated approaches to the problem of collaboration in the presence of delays. Finally, we reflect on potential implications of the proposed techniques.
CONSISTENCY IN CVEs
In many CVEs the type of consistency provided is often just a side effect of implementation choices rather than a design decision in its own right. In some cases database consistency concepts are applied directly to collaborative systems [4] . However, in CVEs the problem of consistency must be reconsidered to be able to cope with a number of requirements not usually present in traditional database applications. The most significant difference is that CVEs must deal with the problem of "humans in the loop", i.e. that people provide realtime input to the system and receive real-time responses from the system. Having to deal with humans as the main consumers of information generates a new set of requirements for consistency mechanisms. In particular, the presence of human users implies non-deterministic behaviour and also requires timely responses. The behaviour of human users can not be completely predicted, and people (unlike databases) cannot be rolled-back to previous states. On the other hand, people may be able to cope with levels of inconsistency and imprecision that would not be tolerable in most database applications.
We propose that the issues of consistency can be better understood by identifying three largely independent dimensions of the problem:
.
Presentation Consistency -this is the degree of matching between the different users' views of the virtual world. A high degree of presentation consistency is reached when the users can agree on space-time characteristics of the objects and events of the world. This is the commonest understanding of consistency. .
Physics Consistency -this is the degree of matching of world behaviour with the "ideal" rules of the world. For example, consistency with physics will affect the detection and handling of collisions between objects. . Interaction Consistency -this is the degree of matching between user action and virtual object reaction in both space and time.
Interaction delays and rollback both affect interaction consistency.
Depending on the architecture of the CVE, one of the dimensions of consistency is usually promoted at the expense of the other two. Similarly, the variation of one of these dimensions does usually affect the other two,' making it impossible to find a universal compromise between all three. For example, presentation consistency can be enforced by routing all the events through a server that totally orders them, but this will cause unavoidable delays that hinder interaction consistency. There are several technological and physical limits to the realisation of the maximum degree of consistency in all its possible dimensions. Because of resource limitations and the nature of physics [18] -such as the speed of light as the maximum information transfer speed -all CVEs have to accept a degree of inconsistency -a particular trade-off between these dimensions of consistency.
Typically, a single consistency mechanism is chosen, establishing a fixed trade-off between presentation, interaction and physical consistency. This may be either a conservative approach or an optimistic one [ 121.
Conservative approaches typicaIly aim to avoid (certain forms of) presentational inconsistency, but they often achieve this at the expense of interactivity.
Database and 'distributed shared memory' approaches often employ techniques such as strict serialisations or locking to avoid concurrent interactions, ambiguous operations and resulting inconsistencies [7] .
Optimistic approaches try to not impose restrictions on user interactions and usually attempt to either reduce or resolve the inconsistencies when they do arise. In particular, presentation inconsistencies arise due to the lack of global serialisation, which, however, promotes interaction consistency. When working to reduce inconsistency, prediction heuristics of user behaviour can be used to guess the future development of the world in order that events likely to happen could be executed before being received, like in the case of the dead-reckoning mechanism adopted by NPSNET [15] . An example of inconsistency resolution is when two users perform contrasting manipulations on an object, and the system must decide which set of actions to keep and which set of actions to discard, or how to combine them [ 111.
Hybrid approaches can also be used, applying both conservative and optimistic techniques at different points of the distribution mechanism. Alternatively, the system may selectively apply optimistic or conservative techniques, according to application semantics defined by the world designer.
Some CVE systems attempt to solve both presentation and interaction consistency problems by making the user deterministic, locking the user in having to perform the predicted interaction, as in PaRADE [ 171 and MiMaze [ 141. An interesting way of avoiding inconsistency is the local perceptionfilters mechanism, as presented in [ 181. A relativistic model is used to warp time and impose limitations on the maximum speed of objects within the world. Both presentation and interaction consistency are violated, from the point of view of ordinary perception of reality, but a new set of consistent physics is produced. The delays and perceptual inconsistencies are still present, but they could be understood (hopefully) within the context of a relativistic physics paradigm. The drawback is that extra delays must be imposed on some events, to keep the illusion of one consistent world-view, and additional speed and distance constraints must be enforced within the virtual environment.
However there is still little understanding on the effects of inconsistency caused by network delays on the participants. Existing systems either ignore the issue or require the delay to be within certain boundaries to be able to provide a satisfying experience, as in the case of NPSNET [I51 and MiMaze [ 141. It is possible that the boundaries of consistency may not be as clear-cut as they at first appear to be. In the next section we describe an experiment devised for the purpose of exploring the effects of inconsistency on users at different levels of delay, informing the design of consistency in CVEs.
EXPERIMENTS
In this section we describe an experimental study of the behaviour of CVE participants in the presence of significant network delays. Our objectives were to understand how delays would affect the performance of the participants experiencing them, how performance breakdowns would manifest themselves, and how users would try to cope with them.
Experimental Platform
The CVE platform used for the experiments was MASSIVE2 1131. This is a brief summary of the effects of its distribution policies and their effects on consistency Master-Proxy Architecture -MASSIVE2 adopts a conservative strategy: each artefact (virtual object) has as a single master object on the host that created it and a proxy object which represents it in each remote processes. The master object is the source of all the artefact's behaviour. Every message sent to a proxy must first pass through the master object, causing interaction delays proportional to the network lag. The behaviour of a proxy mimics the behaviour of the master delayed according to the network latency.
Event Ordering -the event ordering mechanism is per object, per medium. There is no enforced ordering between different media or for objects on different machines within the same medium. For example, both the audio and movement events generated by a user are ordered for all the receivers, but no specific ordering is enforced between the two sets of events. Unordered events can be interleaved in different ways for different observers.
Unsynchronised Local Behaviours -MASSIVE2 does not use global-time synchronisation, but relies on machine-local time to carry out time-related deterministic behaviours such as trajectories. Local behaviours in different processes cannot be synchronised: on different machines a trajectory will start at different times, and so the participants will observe different spatial relationships between the same objects. When a trajectory gets updated the new trajectory immediately replaces the old one generating a discontinuity in movement of the object. These discontinuities will be different for each observer and will also be seen at different times.
Experimental Design
The experimental scenario was a two-player ball game taking place within a collaborative virtual environment. Figure 1 shows the virtual game field, which was divided into two sub-fields. A net divided the sub-fields and the movements of the avatar of each participant were limited to their own sub-field. A goal was at the end of each sub-field. A 'cage' representing the avatar's reach-distance for interacting with the ball surrounded each avatar. The ball was connected to the ground by a line giving both positional and height cues to the users. The ball could bounce against the walls and the floor and it produced a sound sample on collision. A sound sample was also produced when the ball collided with one of the avatar's cages. Sending the ball into the opponent's goal scored one point. The avatars were controlled by the users via a mouse-based desktop interface.
There were 10 trials, involving a total of 20 subjects. All the experimental subjects except one were undergraduate or postgraduate students of computer science, 95% of them with some experience with video games, and 55% with also some experience with multi-user games. The age of the subjects was between 19 and 33, with an average age of 22 and a median age of 21. The female subjects were 10% of the total number of participants.
The experiments used a total of four computers on a single LAN: one was home to both the 'world' process and one of the players, the second computer accommodated the second player, the third computer was employed by the experimenter to manage and monitor the experiment, and the final computer introduced network delays for the second player. This meant that, while one of the players received fast updates from the world -residing on his local host -the other player would have delayed interactions with both the world and the non-delayed player. The control of the amount of delay was managed by redirecting the packets between the two user-hosts through the fourth computer, running dummynet f16] -a network delay system that allows packets to be delayed by any amount of time between zero and 999 milliseconds.
Figure 1. The Game Field
The physical setting of the experiment was a single room, divided in two by an opaque screen. On one side of the screen was the delayed user and on the other side were both the other user and the experimenter.
Both users were wearing headsets with earphones and a microphone to communicate with each other through the CVE.
For each experiment the delays were minimal at the start of the trial (within the non-real-time constraints of the system and network). Approximately every two minutes the delay was increased abruptly to the next level of delay. Table 1 shows the levels of delay used and the duration of each. Table 1 . Introduced Delays
The total duration of the main experiment was 23 minutes. High levels of delay were given a slightly longer duration to give users opportunity to adapt or develop coping strategies.
Before starting the experiment, both subjects were given instructions explaining the rules of the game and the user interface. The subjects were also informed about the potential presence of network delays, without specifying who would experience them, what they would be, or how they would vary. After this the subjects had a chance to play the game for four minutes, with no additional delay, to allow some familiarity with both the interface and the task. The main experiment with varying degrees of delays followed this preliminary game. Finally, after the experiment, each user was asked to fill in a questionnaire and was given an interview by the experimenter.
Data Gathering
Data from the experiments was collected in four different ways: event logging, audio-video recording, questionnaires and interviews. Event logging has been built in MASSIVE2 for the purpose of these experiments. The movements of the users and their interactions with the ball, as well as the goals scored and the bounces of the ball were recorded and time-stamped, so that a situation could be reconstructed from the logged data. From the logged data some more information could be inferred: velocities, distances between players and ball, perceived and actual collisions between ball and players, etc.
Finally, aggregated data, such as frequency of scoring and average positions, were also generated for each level of delay.
The video recordings mix four views on a single screen: the control panel of the experimenter, the view of the virtual world from the point of view of both players and a video recording of the delayed player sitting at his desktop. Both the questionnaires and the interviews were aimed at finding out if the user thought he had experienced any delay, and how he had tried to overcome it. Towards the end of the interview, after having told the users about the presence and effect of delays, we also asked them to provide some advice on how they would attempt to cope with inconsistencies and on any computer-supported mechanism that could help them.
After having analysed the data obtained from the log files, we examined the videotapes to identify instances of behaviour that emerged from our analysis. In addition to this we were also able to recognise some patterns of behaviour that were not apparent in the quantitative data, but that emerged during the interviews.
OBSERVATIONS
Goals seemed to be rare event: the only goals appeared to be due to mistakes of the defender rather than the ability of the attacker. For this reason we decided to assess performance from the ability to protect the goal rather than from the number of goals scored. This is based primarily on qualitative examination of the trial videotapes, and the questionnaires completed by the experimental subjects.
Basic Performance
The study of the videotapes shows a common pattern of behaviour on the part of the subjects taking part in the experiments. The perceptual and interaction characteristics of the inconsistency depended strongly on the introduced delay, as described below.
Up to 150 milliseconds: delays are not noticeable -delays up to 150 milliseconds did not seem to be perceived by the users or to affect them in any significant way in this application. 150 to 300 milliseconds: narrow hits not working and rebounds occurring at odd angles -the delayed player started missing a few balls that he believed he had narrowly hit. The game was still playable, but the user often perceived the ball to bounce away at slightly odd angles compared to the actual collision. This is due to divergence: the collision does not happen exactly where the user expects it as the ball is bouncing against an outof-date (delayed) version of the user's avatar. 500 milliseconds: delayed bouncing and 'pass through' -hitting the ball became hard and the game tended to become very defensive. The delayed player could see the ball passing through his avatar, and occasionally jumping back, having registered the collision with some delay. There were also misunderstandings in the dialogue between the two players, since they could not always agree on statements regarding space and time relationships between the delayed player and the ball.
999 milliseconds: pass through -at this level of delay the delayed player could not usually do very much to influence the ball. Having any kind of interaction with the ball was a challenge: the delayed user managed to hit the ball only when he was able to predict its trajectory and sat still waiting patiently for it to hit him.
Not all players noticed the presence of delays, although they had been warned about the potential presence of delay before the experiments.
They justified their interaction problems in a number of other ways: that the ball was jumping over them; that the collision detection mechanism had stopped working correctly; that the problems were due to their inability in using the interface. Other subjects were able to identify the delay for what it was, but they did not always understand its consequences.
Adaptation and Coping Strategies
The knowledge of the presence of delay prompts the player to adopt a different strategy then he would have otherwise used. This has also been confirmed in the course of the interviews when the subjects, after being told about the delays, proposed a number of possible strategies they could have employed. Also, knowing about the presence of delays avoids the problem of the user incorrectly dividing responsibility for failures to the system, the interface or his own skills.
These are some of the behaviours which users adopted in the course of the experiment when experiencing significant delays:
Reducing the relative speed between the avatar and the ball by: slowing down, letting the ball slow down, or acting to slow the ball down (e.g. by making it bounce against the side-walls). Changing their use of space to shorten or lengthen the time before the collision: the delayed player moved towards the goal to allow the ball to fly for a longer time. Observing the angle from which the ball is going to arrive and attempting to be in the right position to receive it in advance. Adjusting the avatar's movements to always be on the trajectory of the ball.
The first four strategies were common to all games. The last strategy was adopted mainly by those subjects that understood the nature of delayed feedback, instinctively or because they became aware of the presence of delays. We believe that the main motivations for the delayed player's strategies were to:
have more time to predict the trajectory of the ball, .
have more time to position the avatar, .
have more chances of hitting ball, .
be more precise in hitting ball, .
avoid unwanted collisions with the ball, and .
reduce the number of 'pass-through' instances (when the ball appears to pass through the player before responding).
What the player obtained if successful was:
. reduction of the pace of the game (see below), .
increase of the predictability of collisions, .
reduction of divergence.
Expanding on this notion of pace for a moment, in the virtual ball game the players interacted with each other using the ball as the main interaction channel (the secondary audio channel was sometimes used to clarify the communication happening on the main channel). The pace of interaction between the players through the ball is quite slow, but it gets faster when both players are close to the net. The players realised this in the course of the game, and aggression and defensiveness can be related to the average position of the players. Players controlled the pace of the game by moving closer or further away from the net area. By increasing the distance between them, they also increased the time between interactions, to the advantage of the delayed player who tried to match the pace of his interaction to the pace of the channel.
Perception of Delay
A key element in this experiment was the players' perception of the delays that they were experiencing. From the questionnaires, interviews and observation of the videos a number of factors influencing the awareness of delay have been identified:
Discontinuities -In many CVEs the player's client process creates visual discontinuities when it tries to catch up with the latest state of the world. These discontinuities usually take the form of 'jumpy' motions of objects whose behaviour is controlled by a remote process. This kind of discontinuous behaviour is common to many online games and many subjects were implicitly looking for a similar behaviour as an indication of delay. However, MASSIVE2 employs a mechanism that sends trajectories rather than positions to the remote proxies of the moving object. This allows the movement of the object to be rendered smoothly on the player's client. Since all the changes of trajectories are uniformly delayed, the ball is not normally subject to discontinuities. However, the use of trajectories to smooth the movements of deterministic entities can hide away the presence of delays and mislead the players into thinking that there is no delay at all, instead blaming their skills or the interface for the inconsistencies. Discontinuities did occur when there was a transition between two levels of delay: the ball was sometimes seen disappearing into the floor, jumping out in midair shortly afterwards. Some people interpreted this as a symptom of lasting delays, others thought that it was only a temporary delay.
Visual anomalies -The passthrough effect that the players could notice when interacting with a delayed bal1 is a divergence from expected behaviour (physics consistency). While some players interpreted it as an indication of delay, others kept thinking that it was due to an interface problem.
Reaction Time -When interacting with the ball in the presence of delays, the ball might take some time to react to the presence of the user. From this reaction time some of the subjects were able to gauge the amount of network delay. Another, but less reliable, indication of the network delay was given by the time that the other player took to answer a question: this delay is similar to the delay of a long distance telephone call.
Conflicting perceptions. -Another way used by the subjects to ascertain the presence of delays was to exchange opinions with the other player on what was happening. When the two players started describing what they were seeing it was often obvious that they perceived slightly different versions of the same world. Sometimes the subjects thought that the other player did not understand or was explaining himself badly; at other times they used this information to infer the presence of a delay. For example:
. Delayed player, while he goes for the ball: "l'm getting there.." . while seeing himself hitting the ball: "I'm on the ball!" .
while seeing the ball getting through his avatar: 'lt went straight through me!" .
Non-delayed Player, that saw the delayed player going for the ball and missing it: "It didn't, I saw you missing it"
Echo -Due to a problem in the configuration of the software, during some games the players could hear their own voice echoing back from the other computer. The time their voice took to come back could then be used as an indication of the amount of delay between the two hosts.
Overhearing -Occasionally the players could hear the voice of their opponent from the other side of the separating screen. They were then able to estimate the delay by comparing the time it took the opponent's voice to come to them through the earphones.
In summary, the players were sometimes able to infer the presence of delays and occasionally also the amount of delay, by observing echo effects and reaction times or by comparing their worldviews. Players of online games tended to equate the amount of delay to the level of discontinuities (or update rate), which was not representative of delay in this system.
Recapitulating this section, performance seems to vary with delay, presenting different characteristics for different levels of delay rather than being a simple all-or-nothing presence of breakdowns. Users also develop strategies that they employ to be able to adapt to the delays. Knowledge of delays helps the participants in determining which strategy to adopt, but such knowledge must be inferred by unintentional cues that transpire from the system infrastructure rather than being provided in a more explicit, readable and reliable manner.
GENERIC BREAKDOWN PATTERNS
Before moving on to some proposals to assist the users in coping with inconsistency, we will draw the attention to some more general discussion points that seem to emerge from our study of the behaviour of the participants. We have identified a number of more general issues characteristic of 'typical' performance breakdowns of delayed users in the ball game experiments:
Interaction feedback in multi-user concurrent interaction can be misinterpreted. In a collaborative virtual environment where all participants can interact with a number of objects in the presence of delays, a user might not know if the movement of an object is due to his delayed interaction feedback or to somebody else's manipulation. In this game, since the users were confined within two separate sub-fields, the only misunderstandings happened along the net-area, where some overlapping of interaction was allowed. When the ball was hit, the user could almost always tell who hit the ball because a player can hit the ball only if it is in his own field or close to the net. Sometimes the ball was hit with some delay after the delayed player perceived a collision, but -after an initial surprise -the player always knew that he had hit the ball because no one else could have done it.
Spatial, temporal and inter-media relationships can be highly subjective: users might miss causal links, and wrongly infer causal links between unrelated events. Occasionally the delayed user saw the ball passing through him and then jumping forward again at an odd angle. It some cases this might be a valid collision (which was not always perceived by the player). In other cases the ball never registered any collision with the user and simply bounced away from a wall near the user, although the player might interpret it as a delayed collision with their avatar. The sound feedback from the collision between user and ball is similar to the sound of a wall collision, and it is possible it also misled the user into thinking that they had actually hit the ball.
It is diflcult to relate events separated by a long delay. Sometimes the ball would bounce away from the delayed user before he saw his avatar touching it. Other times the ball went straight through the user, only to bounce back over his head after a short delay. This was quite disorienting for the players.
Participants can be confused by the behaviour of multi-modal communication. They may not be able to relate an utterance to a gesture or an action. The movements and the speech of a user were almost uniformly related when heard by the other participant: the network imposed a common delay upon the speech and actions of a player. However there was no natural synchronisation between the movements of the ball and the speech and actions of the delayed player. Indeed the two players could not agree with each other's statements about the position of the ball relative to the delayed player. The delayed player often stated that he was "on the ball" or that the ball "passed through" him, whereas the non-delayed player saw the other user chasing the ball without touching it. It is worth noticing that this inconsistency was not symmetrical: there were no misunderstandings on the relative positions of the non-delayed player and the ball, since both the events of both this player and of the ball were uniformly delayed when presented to the delayed player.
Long, potentially unbounded, delays make it impossible to rely on the response time of objects or participants and adds a degree of uncertainty to the results of an interaction. When the delays were low and a user missed a ball, he immediately knew that he missed, so that he could back towards his goal and attempt to hit it a second time. When the delays were higher the delayed user had to wait for some time before knowing for sure if he had hit the ball or not. He knew that he had hit the ball only when the ball bounced forward and he could not be sure that he had not hit it until some (unknown) time later. During the time needed for the ball to respond, the user was often doing nothing (possibly to avoid unwanted interactions with the ball), and just waited to see what the ball was going to do.
PROPOSALS
The metaphor employed by CVEs is the same that drives virtual reality. Collaborative virtual environments typically attempt to emulate reality by showing the virtual world as it should be, in an idealised way. Yet, a computer-simulated world is still a poor comparison to the real one and, additionally, it hides away the reality of the medium of communication. People standing next to each other in a CVE might be separated by considerable network delays, whereas the person standing at the other end of the room might be closer on the network and allow greater quality of interaction.
The common interface metaphors used in CVEs typically hide the internal operation of the system, and the characteristics of the distribution infrastructure over which it is operating.
We are interested in developing interface metaphors for CVEs which are "deeper" than the ones normally available in a CVE system, i.e. metaphors that are, in some sense, closer to the real infrastructure, and that do not simply hide the user from the common performance failures of the system. Rather than hiding the inner workings of a CVE platform, we seek to expose selected parts of its operation and performance to the user.
Our observations have been conducted in the context of shared virtual environments, but we expect that their validity could be extended to the wider field of Computer Supported Cooperative Work (CSCW). Not only CVEi systems, but also very few CSCW systems attempt to show inconsistencies explicitly to the users or allow them to choose consistency strategies in a collaborative way. However, some work has been done in this direction within the field.
Greenberg and Marwood discuss the effects of inconsistency on the interface and the problems that this can cause to collaborative work in [12] . Alan Dix studied the collaboration characteristics of interaction pace as a by-product of network delays and pointed out the need of several levels of feedback when some remote interaction is involved in the communication [ 1] [2]. He also identifies some common problems and information needs of users involved in low pace interaction 131.
Paul Dourish analyses divergence and describes inconsistency as a natural part of the collaboration process [S] [lO] . Dourish also puts forward the concept of Accountscapturing the behavioural characteristics of a system -in [9] . Finally, Sung, Yang and Wohn make some concrete proposals for the application of user interface oriented inconsistency resolution techniques to the resolution of concurrent manipulation conflicts in CVEs 1191.
General Approaches
Having analysed the experiments and explored the reasons underlying the behaviour of the subjects we propose a number of system features or capabilities that could enhance the experiences of the users in a potential new version of the ball game application:
Explicit indication of delays, their characteristics and their effect on the behaviour of the delayed entities. This might include the explicit representation of delays and elements of uncertainty. Knowledge of the presence, amount and characteristics of delays is important for a player to understand how to behave. Prediction capabilities and indication of level of trust associated with the prediction. Prediction capabilities would help the user in anticipating impending states of the system (e.g. the "real" position of the ball). This could increase the user's trust in these entities, although the system's level of confidence should also be represented. This could be supplemented by guarantees applied to future actions or events in some applications. Double feedback loop. Feedback is normally shown only when the game server sends the results of the interaction to the player. A further level of feedback could be available locally, on the user's host. This feedback would show the probable effect of the interaction to the user, as in [2] . Explicit display of events, their location and the participants to the event. When something happens, the system should always know Who is doing What to Whom and it should be able to communicate this knowledge to the user in an explicit way. This should avoid users misinterpreting interactions where the subject of the action, the object of the action and the action itself are separated in space or time by the presence of delays. Explicit display of corrections due to discontinuities, to distinguish them from user-initiated actions and to restore the interaction context for the user after a discontinuity or correction. When the system recovers from divergence by producing a discontinuity, a user might lose track of a virtual object within the CVE and wonder why it has moved away. Normally the system gives no cue to explain the sudden disappearance of the object or to restore the context within which the user was working with the object. Expression and preservation of user's expectations. When a player interacts with the ball, he has some expectation of how the ball should behave after the collision. If we could somehow capture his intentions and use them later to control the ball, the user might initially perceive some inconsistency, but the world-state would later be rectified to match his original expectations at the time of the interaction with the ball. Adaptive pace and user control on task pace. We have mentioned the notion of pace already, and this might be made available explicitly to the user, e.g. allowing them to slow down the interaction to accommodate the level of delay which they are experiencing.
User Interface Mechanisms
We also require concrete user interface mechanisms that will make the above mentioned capabilities available and understandable to the users. Taking the experimental game as an example, we can suggest a number of specific interface devices which could improve the original game, based on the above principles.
Delay Gauge -The amount of delay experienced by an object could be shown via a delay gauge associated with that object (or all the objects associated with a particular computer). This would give the player direct information about the degree of temporal divergence involved. Area of Uncertainty -An estimate of the maximum amount of spatial divergence can be shown to the user by displaying an area of uncertainty as a bubble surrounding a delayed object. The size and shape of the area should be determined by the delay, the speed of the object, its direction and predictability. Past Shadow -Delay information can be used to show old positions of the avatar as seen by remote observers (including the ball). The avatar's old position could be displayed as a sort of delayed 'shadow' that would appear to try to catch up with the avatar's current position. The player could then reinterpret the game as trying to 'pull' the shadow towards the expected collision point with the ball. Ghost Ball -The delayed player observed a delayed version of the ball. Using prediction mechanisms it could be possible for the player to observe both the delayed ball and the predicted ball position after a time equivalent to the amount of delay. The predicted ball could be partially transparent (ghost-like) to show its non-definitive nature: it is only a predicted position, and every time the ball changes trajectory the position of the ghost ball will be incorrect until the trajectory update is received. Explicit Impact Information -When a collision happens, it could be explicitly and boldly displayed with some kind of audio-graphical effect. The 'real' point of collision and the entities involved in the collision should also somehow be highlighted and left visible for a period of time. Timeout Mechanisms -After a perceived collision, a player does not know how long to wait before knowing if a real collision did or did not happen. A client-based timeout mechanism could warn the user when a reasonable amount of time had passed and the interaction had not happened.
By making aspects of the underlying system visible, in the ways proposed above, the user could exploit their knowledge of the system to achieve better performance and understanding of the system as a medium for communication. When inconsistencies cannot be avoided then the users can be equipped to understand them and make them part of their collaboration process. We argue that the consistency problems of groupware systems, and CVEZs in particular, should also be approached as user interface problems, not just as low-level data distribution issues.
If a system made infrastructure behaviour -such as delayvisible to the user then it may be possible to relax consistency requirements without significantly decreasing performance or user satisfaction. Relaxing some principles of consistency could lead to novel systems that allow greater scalability, flexibility, optimisation and performance.
In a system that explicitly represents the behaviour of the infrastructure it may be possible to implement techniques which take advantage of specific technical configurations, without sacrificing the conceptual consistency of the environment.
CONCLUSIONS
In this paper we have presented the nature and design of an experiment investigating the effects of inconsistency in collaborative virtual environments. The experiment consisted in a two-player virtual ball game where one player was subjected to increasing amount of network delay. We also analysed how the users tried to cope within an inconsistent environment and identified a number of suggestions for 'fixes' for a potential new version of the game. These reflect more general issues and principles which could be generalised to other applications and systems.
The main contribution of this work is the investigation of the consistency problems of CVEs, and groupware in general, in terms of the user interface. CVE systems' interfaces do not usually take into account the non-functional requirements of networking and delays. Since this information is not conveyed through the interface, the user must infer it from the limited and often unintentional feedback provided by the system. We argue that the interface should not "hide" all the low-level infrastructure details, but should selectively reveal infrastructure behaviours to the user. By making the underlying system visible, the users could exploit their knowledge of the system to achieve better performance and understanding of the system as a medium for communication.
Inconsistencies cannot be avoided as long as CVEs are limited at mimicking reality, pursuing an idealised vision of what they should be, rather than giving a realistic view of what they are. It is only by thinking about them as a working tool that we will be able to achieve their full potential for collaboration. It is not by overlaying shared virtual environments with real-world metaphors, but it is by showing cues of their working processes, that users can be equipped to understand them and make them part of their collaboration process.
After this initial exploration of the perceptual characteristics of inconsistency, we plan to develop an architecture to support user interface mechanisms for making consistency visible to the users,
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